INTRODUCTION
============

L-carnosine (β-alanyl-L-histidine, LC) is a dipeptide made up of β-alanine and L-histidine, which is highly concentrated in muscle and brain tissues of animals. L-carnosine performs multiple biological functions including pH buffering, anti-oxidation, anti-glycation, anti-aging, and chelation of divalent metal cations ([@b1-ajas-28-10-1465]; [@b18-ajas-28-10-1465]; [@b3-ajas-28-10-1465]). [@b19-ajas-28-10-1465] conducted a study to evaluate the effect of dietary 0.01% LC on improving pork quality by reducing the oxidative damages and enhancing meat stability in storage by its antioxidant activity. Furthermore, LC treatments (1 to 2 g/L in drinking water) significantly decreased the mRNA expression of malic enzyme, fatty acid synthase and 3-hydroxy-3-methylglutaryl coenzyme in liver, which subsequently declined triglycerides (TG) levels in plasma of mice that consumed high saturated fat diets ([@b21-ajas-28-10-1465]; [@b4-ajas-28-10-1465]). Similarly, a previous study demonstrated that supplementing rats diet with 0.5% LC decreases serum TG and low density lipoprotein cholesterol (LDL-C) levels ([@b17-ajas-28-10-1465]). However, little is known about the effects of dietary LC supplementation on growth performance and lipid metabolism of pigs.

Alpha-lipoic acid (ALA) is a vitamin-like substance synthesized from octanoic acid in the mitochondrion ([@b5-ajas-28-10-1465]; [@b24-ajas-28-10-1465]) and a powerful micronutrient with various biological functions ([@b17-ajas-28-10-1465]). Previous studies have found that the supplementation of 0.03% ALA into diets could enhance the serum levels of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in broilers ([@b28-ajas-28-10-1465]; [@b7-ajas-28-10-1465]) and pigs ([@b2-ajas-28-10-1465]). Moreover, ALA is an important cofactor in biological systems and serves a critical role in mitochondrial energy metabolism and lipid metabolism ([@b10-ajas-28-10-1465]; [@b25-ajas-28-10-1465]). These metabolic effects of ALA may also improve growth performance and lipid metabolism of pigs. However, several publications have reported conflicting findings. For example, one reported negative growth performance in ALA-fed broilers ([@b8-ajas-28-10-1465]), while another study reported ALA had no effect on growth performance in broilers ([@b13-ajas-28-10-1465]). Moreover, [@b17-ajas-28-10-1465] demonstrated that 0.5% ALA administration decreases serum TG significantly in rats. Similarly, previous studies demonstrated that supplementing broilers diet with 0.5% ALA decreases serum TG and total cholesterol (TC) levels ([@b13-ajas-28-10-1465];[@b14-ajas-28-10-1465]). In contrast, an increased level of TG in serum was observed when broilers were fed with 0.02% ALA-supplemented diet ([@b12-ajas-28-10-1465]). Thus, whether the use of ALA improves growth performance and lipid metabolism of pigs is still unclear.

[@b17-ajas-28-10-1465] demonstrated that the combined effects of LC and ALA improve lipid metabolism in mice fed with high fat diet. However, the synergistic or additive effects of LC and ALA in pigs have not been investigated so far. Therefore, the objective of this study was to assess whether dietary LC and ALA, both alone and in combination can exact a positive effect on the growth performance, and the positive response was interrelated to blood thyroid hormones changes and lipid profiles in pigs.

MATERIALS AND METHODS
=====================

Animals and experimental diets
------------------------------

This study was approved by the Animal Care and Use Committee of China Agricultural University.

A total of 40 (Landrace×Yorkshire) pigs were randomly allocated to 4 experimental diets using a 2×2 factorial arrangement with 2 LC supplemental levels (0 or 0.1%) and 2 ALA supplemental levels (0 or 0.03%) in basal diets. Pigs were assigned by sex and weight in a randomized complete block design. Each treatment consisted of ten replicates (pens) with 1 pig each and the initial body weights (BW) of pigs were 57.93±3.14 kg. The basal diet ([Table 1](#t1-ajas-28-10-1465){ref-type="table"}) was based on corn-soybean meal to meet or exceed nutrient requirements for pigs of [@b22-ajas-28-10-1465].

Feeding and slaughter procedure
-------------------------------

The feeding research was carried out in Wenlai Pig Farm (Shandong, China). During the experimental period, pigs were allowed *ad libitum* access to experimental diets and water. The amount of feed consumed was recorded daily for calculation of feed intake and the feed to gain ratio. Body weights were measured at the beginning and the termination of the experiment using a truck scales after feed was withheld for 16 hours.

At the end of the experiment, 16 hours after last feeding, all pigs were slaughtered. The slaughter plant used electrical stunning and a traditional scalding--singeing process. Following electrical stunning, after the pigs were exsanguinated, backfat thickness, and loin-eye area at the tenth rib were measured immediately postmortem according to the Chinese Guidelines on Performance Measurement Technology and Regulations for Pigs. Backfat thickness was the average of measurements at three points: the first rib, the last rib, and the last lumbar vertebra.

Sample collection and serum biochemical parameters analysis
-----------------------------------------------------------

Prior to slaughter, blood samples were collected from the anterior vena cava of the pigs. Ten milliliters of blood was harvested and centrifuged at 3,000 g for 10 min at 4°C. Serum was stored at −20°C for subsequent blood parameter analysis.

Serum growth hormone (GH), triiodothyronine (T~3~), thyroxine (T~4~), and insulin-like growth factor (IGF)-1 concentrations were determined using assay kits purchased from Nanjing Jiancheng Bioengineering Institute with radioimmunoassay counter (Model xh6020, 262 national Nuclear Co., Beijing, China). Serum urea nitrogen (BUN), glucose, TC, TG, high density lipoprotein cholesterol (HDL-C), LDL-C, and very low density lipoprotein cholesterol (VLDL-C) levels were determined with the commercial diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and the automatic biochemical analyzer (CE-CX5, Beckman Corp., Fullerton, CA, USA).

Statistical analysis
--------------------

All the data were subjected to a one-way analysis of variance procedure, and the means were separated using Fisher's least significant difference multiple range test (SAS Institute, 2001). The four treatment groups were analyzed as a 2×2 factorial arrangement using the general linear model procedure in the SAS software (SAS Institute Inc., Cary, NC, USA). The model included the main effects of the LC and ALA as well as the LC×ALA interaction. The results were presented by mean values and the standard error of the mean. Effects were considered significant when p\<0.05.

RESULTS
=======

Growth performance and carcass traits
-------------------------------------

Results of the dietary treatments on pig growth performance and carcass traits are presented in [Table 2](#t2-ajas-28-10-1465){ref-type="table"}. Compared with pigs fed without LC-supplemented diets, dietary supplementation of LC significantly increased the final live weight, average daily feed intake, and average daily gain (ADG) of pigs at the BW of 60 to 110 kg (p\<0.05). However, a diet supplemented with ALA did not affect the expression of growth performance and meat quality (p\>0.05). No significant LC×ALA interaction effect on growth performance and carcass traits of pigs was found in the study (p\>0.05).

Measurements
------------

Serum hormones levels were affected by dietary ALA or LC ([Table 3](#t3-ajas-28-10-1465){ref-type="table"}). Pigs fed 0.1% LC-supplemented diets had significantly increased serum T~3~ levels and T~4~ levels compared to those of pigs fed without LC-supplemented diets (p\<0.05). Moreover, the serum T~3~ levels of pigs were increased in 0.03% ALA-supplemented groups than those of pigs fed without ALA-supplemented diets (p\<0.05). However, synergistic effects by combined LC and ALA supplementation were not indicated by serum hormones levels (p\>0.05). There were no significant differences in serum IGF-1, GH, glucose, and BUN levels among treatments during the experiment (p\>0.05).

The lipid profiles in the serum of pigs are presented in [Table 4](#t4-ajas-28-10-1465){ref-type="table"}. Pigs fed with 0.1% LC-supplemented diets significantly reduced serum TC levels compared to those of pigs fed without LC-supplemented diets. Moreover, pigs fed 0.03% ALA-supplemented diet significantly reduced serum TG levels compared to those of pigs fed without ALA-supplemented diets (p\<0.05). No significantly difference in serum HDL-C and VLDL-C levels were observed among the groups (p\>0.05), whereas serum LDL-C levels were significantly lower in the ALA-supplemented groups than that of other group (p\<0.05).

DISCUSSION
==========

L-carnosine and ALA are powerful micronutrients with various biological functions and are often used as health supplements ([@b17-ajas-28-10-1465]). Previous studies from our laboratory or other groups have shown that addition of LC or ALA into diets could enhance antioxidant capability and improve lipid metabolism in rats and broilers ([@b28-ajas-28-10-1465]; [@b7-ajas-28-10-1465]; [@b17-ajas-28-10-1465]). Thus, the supplementation of LC and ALA in diet may improve growth performance of pigs, although evidence remains conflicting ([@b13-ajas-28-10-1465]; [@b7-ajas-28-10-1465]).

In the present study, the growth performance results indicated that, compared with pigs fed without LC-supplemented diets, supplementing LC to swine diets could improve the ADG of pigs at the weight of 60 to 110 kg. Previous study reported that the thyroid hormones could stimulate nuclear accumulation and proliferation within skeletal muscle fibers, and influence the growth of skeletal muscles in animals ([@b27-ajas-28-10-1465]). Thus, the growth-promoting effect of LC or LC+ALA may be partly related to thyroid hormone changes in pigs. To explore the relationship of animal growth and serum hormones, the serum thyroid hormones, including T~3~ and T~4~ were determined in the present study. The results showed that there was a significant increase in serum T~3~ and T~4~ in pigs fed with 0.1% LC. Higher serum T~3~ and T~4~ levels may induce proliferation of satellite cells and increase myofiber protein accretion ([@b23-ajas-28-10-1465]), which was in agreement with the enhanced ADG. Additionally, the reason for this phenomenon may be partly attributed to the fact that 0.1% LC may enhance pig growth by acting as antioxidants. For instance, supplementation of 0.01% LC in the diet increased the SOD and GSH-Px genes expression in muscle of finishing pigs ([@b19-ajas-28-10-1465]). [@b18-ajas-28-10-1465] indicated that dietary LC improves antioxidant ability in ethanol-induced chronic liver injured rats.

The present results showed that ALA administration had no effect on BW gain or carcass traits. This result is consistent with previous reports ([@b11-ajas-28-10-1465]; [@b17-ajas-28-10-1465]). However, there were conflicting results, which showed that there was a reduction in BW in Sprague-Dawley rats treated with a 0.5% ALA supplemented high-fat diet for 6 weeks ([@b17-ajas-28-10-1465]). [@b26-ajas-28-10-1465] reported that dietary 0.5% ALA significantly decreased weight gain in mice during 3 weeks of the feeding trail compared with mice fed 0% ALA. They suggested that the BW loss should be related to decreased feed intake as well as promoted β-oxidation of fatty acid in mice supplemented with ALA ([@b16-ajas-28-10-1465];[@b17-ajas-28-10-1465]). The possible reason for these different responses may be that dietary low level ALA has no effect on the growth performance of pigs, while high level ALA supplementing may inhibit the pigs' growth.

The results showed that the groups receiving LC dietary supplementation had significantly reduced serum TC levels compared to those of pigs fed without LC diets, whereas ALA supplementation decreased serum TG and LDL-C levels. Similar to our data, [@b17-ajas-28-10-1465] showed a reduction in serum TC, TG, and LDL-C levels in rats treated with 0.5% LC and/or 0.5% ALA supplemented high-fat diet for 6 weeks. [@b9-ajas-28-10-1465] indicated that ALA supplementation (300 mg/kg BW) decreased the plasma TG levels of diabetic rats, and the HDL-C level did not differ. Although the mechanism whereby the LC and ALA exert their effects on serum TC, TG, and LDL-C levels is yet to be investigated ([@b9-ajas-28-10-1465]), it may be partly explained by the supplementing of LC and ALA enhancing the activity of lipoprotein lipase ([@b15-ajas-28-10-1465]) and increasing the cholesterol metabolism ([@b20-ajas-28-10-1465]) in the liver of pigs. Furthermore, [@b6-ajas-28-10-1465] indicated that the supplementing of ALA in rats diet reduces the level of TG in blood and liver by repressing the gene expression of lipogenic in liver, downregulating liver TG secretion and enhancing the clearance rate of TG.

[@b17-ajas-28-10-1465] reported that combined 0.25% LC and 0.25% ALA supplementation show synergistic effects for increasing skin and liver SOD activities and lipid profiles in rats. However, any synergistic effects by combined 0.1% LC and 0.03% ALA supplementation were not found in this study. One possible reason for these different responses may be that the LC or ALA supplemental levels were not sufficient to induce an obvious effect in pigs. The synergistic effect of LC and ALA in pigs is pending investigation.

In conclusion, our results suggest that dietary LC improved ADG in pigs. The growth-promoting effect of LC may be partly related to thyroid hormone changes in pigs. L-carnosine and ALA supplementation decreased serum TC, TG, and LDL-C levels in pigs, which may have the potential to prevent cardiovascular diseases.
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###### 

The ingredients and nutrient concentrations of the control diet (as-fed basis)

  Item (% unless note)                                                               Content
  ---------------------------------------------------------------------------------- ---------
  Ingredients                                                                        
   Corn                                                                              73.23
   Soybean meal                                                                      18.07
   Wheat bran                                                                        5.00
   Limestone                                                                         1.06
   Dicalcium phosphate                                                               0.80
   Salt                                                                              0.44
   Soybean oil                                                                       0.40
   Vitamin and trace mineral premix[1](#tfn1-ajas-28-10-1465){ref-type="table-fn"}   1.00
   Total                                                                             100.00
  Nutrient content                                                                   
   Metabolizable energy[2](#tfn2-ajas-28-10-1465){ref-type="table-fn"} (MJ/kg)       13.17
   Crude protein[3](#tfn3-ajas-28-10-1465){ref-type="table-fn"}                      15.50
   Calcium[3](#tfn3-ajas-28-10-1465){ref-type="table-fn"}                            0.70
   Total phosphorus[3](#tfn3-ajas-28-10-1465){ref-type="table-fn"}                   0.60
   Available phosphorus[2](#tfn2-ajas-28-10-1465){ref-type="table-fn"}               0.40
   Lysine[3](#tfn3-ajas-28-10-1465){ref-type="table-fn"}                             0.90
   Methionine[3](#tfn3-ajas-28-10-1465){ref-type="table-fn"}                         0.28
   Methionine+crystine[2](#tfn2-ajas-28-10-1465){ref-type="table-fn"}                0.54
   Tryptophane[2](#tfn2-ajas-28-10-1465){ref-type="table-fn"}                        0.58

Providing the following: 1,750 IU/kg vitamin A, 220 IU/kg vitamin D~3~, 23 IU/kg vitamin E, 0.55 mg/kg vitamin K~3~, 0.25 mg/kg vitamin B~1~, 1.0 mg/kg vitamin B~2~, 0.7 mg/kg vitamin B~6~, 3l g/kg vitamin B~12~, 4 mg/kg niacin, 1.6 mg/kg calcium pantothenate, 0.1 mg/kg folic acid, 7l g/kg biotic, 0.08 g/kg choline chloride, 6.5 mg/kg manganese (as manganese sulfate), 15 mg/kg iron (as iron sulfate), 15 mg/kg zinc (as zinc oxide), 1.5 mg/kg copper (as copper sulfate), 0.07 mg/kg iodine (as potassium iodate), 0.03 mg/kg selenium (as sodium selenite), and 1 g/kg sodium chloride.

Calculated values.

Determined values.

###### 

Effect of dietary L-carnosine (LC) and alpha-lipoid acid (ALA) supplementation on growth performance and carcass traits of finishing pigs[1](#tfn5-ajas-28-10-1465){ref-type="table-fn"}

                                    Treatment[2](#tfn6-ajas-28-10-1465){ref-type="table-fn"}   SEM        Significance (p-value)                                        
  --------------------------------- ---------------------------------------------------------- ---------- ------------------------ ---------- ------- -------- -------- -------
  Final live weight (kg)            97.44                                                      99.28      103.12                   103.20     0.89    \<0.01   0.628    0.604
  ADG (g/d)                         778.11                                                     809.06     858.87                   849.06     10.67   \<0.01   0.667    0.324
  ADFI (g/d)                        2,485.32                                                   2,557.77   2,793.74                 2,702.08   50.60   \<0.05   0.927    0.388
  Gain:feed (g/g)                   0.31                                                       0.32       0.31                     0.32       0.04    0.587    0.567    0.770
  Carcass weight (kg)               67.47                                                      69.60      68.27                    67.49      0.58    0.576    0.564    0.219
  Carcass yield (%)                 67.37                                                      67.39      67.06                    67.59      0.01    0.907    0.726    0.551
  Longissimus muscle area (cm^2^)   33.48                                                      33.47      34.24                    34.56      0.65    0.533    0.766    0.468
  Backfat (mm)                      14.20                                                      14.33      15.00                    13.40      0.42    0.691    \<0.01   0.797

SEM, pooled standard error of the means; ADG, average daily gain; ADFI, average daily feed intake.

Data were means of 10 pigs from per treatment.

A 2×2 factorial arrangement with 2 supplemental levels of LC (0 or 0.1%) and 2 supplemental levels of ALA (0 or 0.03%) in basal diets.

LC×ALA, the interaction between LC and ALA.

###### 

Effect of dietary L-carnosine (LC) and alpha-lipoid acid (ALA) supplementation on serum biochemical parameters levels in finishing pigs[1](#tfn9-ajas-28-10-1465){ref-type="table-fn"}

                     Treatment[2](#tfn10-ajas-28-10-1465){ref-type="table-fn"}   SEM      Significance (p-value)                                     
  ------------------ ----------------------------------------------------------- -------- ------------------------ -------- ------ -------- -------- -------
  T~3~ (ng/mL)       0.60                                                        0.79     0.78                     1.05     0.05   \<0.01   \<0.01   0.568
  T~4~ (ng/mL)       35.37                                                       41.06    43.33                    44.64    1.23   \<0.05   0.101    0.294
  T~3~/T~4~          1.74                                                        1.94     1.83                     2.36     0.10   0.202    0.077    0.398
  IGF-1 (ng/mL)      170.30                                                      179.71   203.84                   175.22   5.08   0.686    0.163    0.458
  GH (ng/mL)         2.83                                                        3.13     2.39                     2.79     0.14   0.185    0.232    0.868
  Glucose (mmol/L)   4.55                                                        4.51     5.31                     5.22     0.19   0.069    0.871    0.945
  BUN (mmol/L)       6.74                                                        7.22     6.30                     6.51     0.19   0.519    0.247    0.849

SEM, pooled standard error of the means; T~3~, triiodothyronine; T~4~, thyroxine; IGF-1, insulin-like growth factor-1; GH, growth hormone; BUN, urea nitrogen.

Data were means of 10 pigs from per treatment.

A 2×2 factorial arrangement with 2 supplemental levels of LC (0 or 0.1%) and 2 supplemental levels of ALA (0 or 0.03%) in basal diets.

LC×ALA, the interaction between LC and ALA.

###### 

Effect of dietary L-carnosine (LC) and alpha-lipoic acid (ALA) supplementation on serum lipid profiles in finishing pigs[1](#tfn13-ajas-28-10-1465){ref-type="table-fn"}

                    Treatment[2](#tfn14-ajas-28-10-1465){ref-type="table-fn"}   SEM    Significance (p-value)                                    
  ----------------- ----------------------------------------------------------- ------ ------------------------ ------ ------- -------- -------- -------
  TC (mmol/L)       3.39                                                        3.20   3.09                     2.99   0.214   \<0.01   0.088    0.599
  TG (mmol/L)       0.96                                                        0.79   0.88                     0.80   0.023   0.448    0.004    0.297
  HDL-C (mmol/L)    0.89                                                        0.83   1.06                     0.93   0.158   0.094    0.191    0.883
  LDL-C (mmol/L)    3.03                                                        2.65   3.10                     2.62   0.268   0.809    \<0.01   0.552
  VLDL-C (mmol/L)   0.44                                                        0.39   0.44                     0.42   0.037   0.456    0.092    0.496

SEM, pooled standard error of the means; TC, total cholesterol; TG, triglyceride; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; VLDL-C, very low density lipoprotein cholesterol.

Data were means of 10 pigs from per treatment.

A 2×2 factorial arrangement with 2 supplemental levels of LC (0 or 0.1%) and 2 supplemental levels of ALA (0 or 0.03%) in basal diets.

LC×ALA, the interaction between LC and ALA.
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